In Brief
The Sec translocon is an essential protein-conducting channel composed of SecY/E/G in bacteria and Sec61a/g/b in eukaryotes. Tanaka et al. solve highresolution and peptide-bound SecYEG structures in a lipid environment, providing notable insights into the cytoplasmic side of the Sec translocon.
Accession Numbers 5AWW 5CH4

INTRODUCTION
More than 30% of newly synthesized proteins in the cell are transported via the Sec translocon, a process that is mediated by Sec factors (Deshaies et al., 1991; Gardel et al., 1990; Ito, 1984; Nishiyama et al., 1994; Oliver and Beckwith, 1981; Rapoport, 2007; Riggs et al., 1988) . In the Sec pathway, N-terminal signal peptides of secretory and membrane preproteins are recognized and targeted to the plasma membrane for bacteria and the ER membrane for eukaryotes, and the mature polypeptides are then either translocated across or integrated into the membrane Dobberstein, 1975a, 1975b; Denks et al., 2014) . Simultaneously, a Sec translocon, namely the bacterial SecYEG complex or the eukaryotic Sec61 complex, forms the pathway for the preproteins. Protein localization via SecYEG is either driven post-translationally by the cytosolic motor SecA ATPase or accomplished in combination with nascent chain synthesis. The localization is enhanced by the proton-driven membrane protein SecDF (Tsukazaki et al., 2011) . Structural studies of the Sec translocon have revealed that the transmembrane region of SecY forms an hourglass-shaped channel that possesses a lateral gate that opens to the membrane interior (Egea and Stroud, 2010; Tsukazaki et al., 2008; van den Berg et al., 2004; Zimmer et al., 2008) . In the resting state, the center of the channel, called the pore ring, is too narrow to conduct preproteins and is sealed with a flexible plug from the periplasmic side, maintaining the membrane-impermeability barrier (Park and Rapoport, 2011) . During protein translocation and insertion, conformational changes in SecYEG are induced by interactions between preproteins and their cytosolic partners, such as SecA and the ribosome (Bischoff et al., 2014; Frauenfeld et al., 2011; Gogala et al., 2014; Park et al., 2014; Zimmer et al., 2008) . Although a signal peptide is also proposed to bind to the cytoplasmic side of the lateral gate at the first step, which triggers the opening of the lateral gate, a detailed view of this interaction remains unclear. In addition, higher-resolution structures of the Sec translocon, comprising its three components SecY, SecE, and SecG, are required for more precise analyses of the Sec translocon machinery.
RESULTS AND DISCUSSION
SecYEG Structures in the Lipidic Cubic Phase
Two different types of Thermus thermophilus SecYEG (TtSecYEG) crystals were obtained in the lipidic cubic phase (LCP). The crystals belonged to the space groups I222 and C222 1 , which diffracted X-rays to 2.7-and 3.6-Å resolution, respectively. The diffraction data enabled us to refine the full-length structure models of SecYEG, except for the disordered 14 C-terminal residues of SecY (Figures 1A and 1B; Figure S1 ; Table  S1 ). Although both crystallographic asymmetric units contain one SecYEG complex, the packing of each crystal showed a possible 2-fold symmetric dimer of SecYEG in the lipid bilayer ( Figure S1A ). The dimeric association patterns are quite different from previously proposed face-to-face or back-to-back SecYEG dimers (Breyton et al., 2002; Mitra et al., 2005) . Because of the lack of direct transmembrane interaction between the SecYEG units ( Figure S1B ) in our crystal structures, the dimer architectures do not seem to be stable in the cytoplasmic membrane. These structural studies supported the notion that SecYEG can transiently form several types of dimers in the membrane, although SecYEG functions as a monomer during co-/posttranslational translocation (Kedrov et al., 2011; Park and Rapoport, 2012) . The physiological importance of dimeric SecYEG remains controversial.
Complete Structure of the SecYEG Translocon
The high-resolution I222 structure elucidates the detailed features not only of the core components SecY and SecE but also of SecG ( Figure 1A ). The overall conformation of SecY and SecE is similar to that of the ''pre-open state'' of the SecYE complex (Tsukazaki et al., 2008) . SecY is composed of ten transmembrane (TM1-TM10), six cytoplasmic (C1-C6), and five periplasmic (P1-P5) regions. The TM regions of its pseudosymmetrically related N-terminal and C-terminal halves form an hourglass-shaped protein-conducting channel that is stabilized by SecE, located at the back of SecY. The constrict region of the channel, the ''pore ring,'' consisting of six amino acid residues (I77, I81, T184, I188, I275, and I403), is likely to permit membrane permeability ( Figure 1C ; Figure S1C ). Peripherally located SecG comprises TM1 and TM2 connected by a cytoplasmic loop (Figure 2 ). The TMs of SecG, tightly bound to SecY through hydrophobic interactions, have B factors that are low compared with those of SecY, meaning that these TM regions are not flexible. The interaction area of SecG with TM3, TM4, C2, and C3 of SecY, which is consistent with disulfide bond formation between them (Satoh et al., 2003) , accounts for about 30% of the surface of SecG. Given these features in the crystal structure, it appears that the proposed topology inversion of SecG during the translocation of its hydrophilic cytoplasmic loop across the hydrophobic membrane (Nishiyama et al., 1996) does not occur. The SecY channel is sealed on the periplasmic side by a ''plug'' helix, whereas the loop of SecG covers the cytoplasmic side of the channel exactly over the pore ring, probably contributing to the sealing of the channel ( Figure 1C ). TM2, TM7, and TM8 of SecY form a cytoplasmic hydrophobic crack and a following rift, which are termed the lateral gate, for protein translocation and integration (Tsukazaki et al., 2008; van den Berg et al., 2004) . A comparison of the SecYEG structure with that of SecYE (pre-open state) in complex with Fab (PDB ID code 2ZJS) revealed some differences in the cytoplasmic region ( Figure 2A ). The distance between the T92 and V329 Ca atoms of the crack, which is perceived as a substrate-binding site (Plath et al., 1998) , in the SecYEG structure is slightly shorter than that in the FabSecYE structure (Figure 2A ), probably because of the lack of tight binding of the Fab to the conserved C5 loop of SecY (Tsukazaki et al., 2008) . Although the lateral gate of the SecYEG structure is more open than that of the archaeal Sec translocon structure (van den Berg et al., 2004) , the completely sealed SecYEG channel could represent one of the closed, resting states of the bacterial SecYEG translocon.
The Cytoplasmic SecG Loop Covers the Pore Ring The length of SecG loop, which possesses several conserved or similar residues, is identical to that shown in Figure S2 , raising the possibility that the SecG loop may have an important role in protein translocation. A molecular dynamics simulation during 700 ns suggested that most regions of resting-state SecYEG remain stable in the lipid bilayer and that the SecG loop fluctuates slightly but still covers the cytoplasmic side of the protein-conducting pathway (Figures 3A and 3B ; Movie S1). This configuration of the SecG loop on the cytoplasmic membrane is also supported by the formation of a disulfide bond between SecY(I272C) and SecG(L35C) ( Figure 3C ). To determine whether the SecG loop functions as a ''cap'' of the pore ring, we performed an in vitro protein translocation assay using the SecY(I272C)EG(L35C) mutant. More than 80% of the purified SecYEG mutant forms a disulfide bond ( Figure 3D ). The crosslinking product between SecY and SecG was confirmed by N-terminal sequencing. This disulfide-bonded state did not exhibit translocation activity, but the activity was almost fully restored by addition of a reductant, DTT ( Figure 3E ). These results suggest that the SecG loop covering the cytoplasmic side of the pore ring interferes with protein translocation because of steric hindrance in the resting state and moves out of the resting position during protein translocation, which is consistent with the idea that SecG loop functions as a cap to seal the pore ring.
In the Thermotoga maritima (Tm) SecY-SecA complex structure (PDB ID code 3DIN) (Zimmer et al., 2008) , the two-helix finger of SecA ) is partly inserted close to the pore ring of SecY ( Figure 1C) . Compared with the resting-state structure of TtSecYEG, the size of the pore ring and the distance between I271 in TmSecY (corresponding to I272 in TtSecY) and the cytoplasmic loop of SecG are expanded. This comparison suggests that the binding of SecA to SecYEG induces the conformational transitions of the Sec translocon. We found, by disulfide bond analysis, that the cytoplasmic residue 272 in SecY can interact with not only SecG but also SecA ( Figure S3 ). Because residue 272 could not bind to both SecA and SecG at the same time because of steric hindrance, it is likely that SecA binding to SecY weakens the interaction between SecY and the SecG loop. In addition because the SecG loop was also crosslinked to SecA ( Figure S3 ), SecG may regulate the translocation activity and function as a signal sequence recognition factor in cooperation with SecA. Archaeal Secb, which is located at a position similar to SecG (van den Berg et al., 2004) , has a disordered cytoplasmic N-terminal region. This region may contribute to covering the pore ring from the cytoplasmic side, similar to the SecG loop. The sealing mechanism on both sides of the pore ring is likely universally conserved. In the enlarged view of the cytoplasmic region of the lateral gate, the distance between T92 and V329 is shown. SecY is colored light green (TM1-5) and dark green (TM6-10), the plug is purple, SecE is red, and SecG is blue. (C) Cross-section views (top) of SecY of TtSecYEG (left) and T. maritima SecYEG (PDB ID code 3DIN) (right). The numbers in parentheses indicate the corresponding residues in E. coli. Also shown are close-up views (bottom) of each pore ring from the cytoplasm. The side-chains of the pore ring residues are colored yellow. See also Figures S1 and S2; Table S1 ; and File S1.
of SecYEG in the lipid bilayer is similar but that the protruding cytoplasmic loops, such as the C4 and C5 loops, are rather flexible ( Figures 1A and 1B) . Interestingly, the SecYEG molecules with rotational symmetry in the C222 1 crystal have a unique interaction with each other ( Figure 1B ). The N-terminal hydrophobic residues of SecE insert directly into the highly conserved cytoplasmic hydrophobic crack (Tsukazaki et al., 2008) of another SecY complex, probably resulting in a crack between TM2 and TM8 that is expanded relative to that in the resting-state I222 structure ( Figure 1A ). TM2, TM7, and TM8 are the proposed contact sites for signal peptides (Plath et al., 1998) . The N-terminal sequence of SecE, MFARL, occurs in bacterial signal peptides such as the N termini of accession nos. YP_347420.1 and YP_755825.1. Indeed, TtSecY can precisely recognize a signal peptide of another bacterium . The hydrophobic side-chains of F2 and A3 near the N terminus of SecE interact with or face I85, I89, and F322 on the cytoplasmic hydrophobic crack of SecY ( Figure 1B ; Figure S1E ), and the side-chain of R4 interacts with that of highly conserved Q88. This is the previously unknown crystal structure in which a peptide directly contacts the crack of the lateral gate. Although the sequence lacks a hydrophobic core, the binding of the N-terminal MFARL segment may provide a clue about how signal peptides interact with the lateral gate at an early stage. A molecular dynamics (MD) simulation of the peptide-bound structure of SecYEG without the peptide revealed that the expanded cytoplasmic crack was immediately closed to the same degree as that in the resting state of SecYEG ( Figure S4 ), implying that the peptide binding is related to the cytoplasmic crack opening. On the other hand, the periplasmic sides of the lateral gate in the peptide-bound and -unbound structures were almost unchanged, consistent with a fluorescence study for partial channel opening (Taufik et al., 2013) . The flexible cytoplasmic crack may be suitable for recognition of various substrates.
Previous structural and functional analyses have suggested that nucleotide-bound SecA in the absence of any substrates induces lateral gate opening of SecY (Taufik et al., 2013; Tsukazaki et al., 2008; Zimmer et al., 2008) . According to the SecY-SecA crystal structure (PDB ID code 3DIN), SecA entirely covers the cytoplasmic surface of SecY. These cytoplasmic mutual interactions between SecA and SecY seem to lead to lateral gate opening. Substrate binding to the cytoplasmic side of SecY, such as in our peptide-bound structure, may enhance the stability of the opened state of the lateral gate. Through these conformational transitions, SecY may finally form a protein-conducting pathway through its center for protein translocation as a result of plug movement (Tam et al., 2005) , further lateral gate opening, and displacement of the SecG loop (Figure 4 ).
Conclusions
Recent single-particle electron microscopic analyses of the ribosome nascent chain complex with the Sec translocon (Bischoff et al., 2014; Gogala et al., 2014; Park et al., 2014) have revealed the overall architectures of several intermediates in co-translational protein translocation across or into the membrane. Models of the Sec translocon showed significant conformational differences in several transmembrane helices compared with its crystal structures. However, it has been difficult until now to construct the correct molecular model using density maps from single-particle analysis because no complete high-resolution structure of the Sec translocon has been available for reference. In this study, we determined the almost full-length structure of the Sec translocon, including the subcomponent SecG, at 2.7-Å resolution. This provides a reliable structural model for studying the Sec translocon machinery. Escherichia coli SecYEG (EcSecYEG) is one of the most studied Sec translocons, but its molecular structure at high resolution has not been determined. Because the amino acid sequence of TtSecY is homologous to that of EcSecY, with 44% identity (Figure S2 ), we built a homology model of the EcSecYEG translocon (File S1), which represents the most accurate current model. The crystal structures of the high-resolution and the peptide-bound TtSecYEG in the lipid environment and the homology model of EcSecYEG provide a structural basis for further research to better understand the Sec translocon machinery in areas such as molecular simulation, molecular fitting to electron density maps from electron microscopic analyses, and model-building of Sec holo translocon complexes (Schulze et al., 2014) .
EXPERIMENTAL PROCEDURES
Purification and Crystallization of the TtSecYEG Complex secG from T. thermophilus DNA (gene ID 3169944) was cloned into plasmid pTT159 (Tsukazaki et al., 2008) and into both multiple cloning sites of pACYCDuet (Merck Millipore). The resulting plasmids, pAK24 and pAK22, encode T. thermophilus SecY (R252G)-H 6 , SecE and SecG, and two copies of SecG, respectively. A SecY mutation (248KVVGGRV254 to GAAG) was introduced into pAK24 by site-directed mutagenesis, and the resulting plasmid was named pAK80. E. coli BL21 (DE3) cells, harboring two plasmids, pAK22 and pAK24 or pAK80, were cultivated at 40 C in a 10-l culture, supplemented with 50 mg/ml ampicillin and 20 mg/ml chloramphenicol for 18 hr, and harvested by centrifugation (4,000 3 g, 15 min, 4 C). A total membrane fraction was prepared as described previously (Kumazaki et al., 2014) . SecYEG was solubilized for 1 hr at 4 C in a buffer containing 20 mM Tris-HCl (pH 8.0), 300 mM NaCl, 2% n-dodecyl-b-D-maltoside (DDM), 5% glycerol, and 0.1 mM 4-(2-aminoethyl) benzenesulfonylfluoride hydrochloride. After ultracentrifugation (138,000 3 g, 30 min, 4 C), the supernatant was mixed with 10 ml nickel-nitrilotriacetic acid (Ni-NTA) agarose (QIAGEN) and equilibrated with buffer A (20 mM Tris-HCl [pH 8.0], 300 mM NaCl, 0.1% DDM, and 5% glycerol) containing 20 mM imidazole (pH 8.0) for 30 min at 4 C. The resin was washed with buffer A containing 40 mM imidazole, and SecYEG was then eluted with buffer A containing 300 mM imidazole. The eluate was concentrated using an Amicon Ultra filter (50-kDa molecular weight cutoff, Merck Millipore) and loaded on a Superdex 200 10/300 GL column (GE Healthcare) in 20 mM Tris-HCl (pH 8.0), 300 mM NaCl, 0.1% DDM, and 5% glycerol.
To remove NaCl, the protein solution was repeatedly concentrated and diluted with start buffer (20 mM Tris-HCl [pH 8.0], 0.25% n-decyl-b-D-maltoside (DM) and 5% glycerol) using an Amicon Ultra filter (50-kDa molecular weight cutoff) and loaded on a HiTrap SP HP column (GE Healthcare). After washing with 10 ml of start buffer, SecYEG was eluted with a linear gradient of 0%-100% elution buffer (1 M NaCl, 20 mM Tris-HCl [pH 8.0], 0.25% DM, and 5% glycerol). The purified protein was concentrated to about 15 mg/ml and dialyzed against 0.25% DM and 5% glycerol for crystallization. SecYEG was mixed with liquefied monoolein in a 2:3 protein solution-to-lipid ratio (w/w). Crystals of I222 were grown at 20 C in reservoir solutions (30%-32% polyethylene glycol 500 monomethyl ether, 100 mM MgSO 4 , 100 mM Na 2 SO 4 , and 50 mM 3-morpholinopropanesulfonic acid [MOPS] [pH 6.5]) to full size in about 10 days. Similarly, crystals of C222 1 were grown at 20 C in reservoir solutions (27%polethylene glycol 500 dimethyl ether, 25 mM ZnSO 4 , and 100 mM sodium citrate [pH 5.0]) to full size in about 10 days.
Data Collection and Structure Determination
The X-ray diffraction data were collected at SPring-8 beamline BL32XU and processed using HKL2000 (HKL Research) for I222 and XDS (Kabsch, 2010) for C222 1 . Initial phases were calculated by molecular replacement with the crystal structure of SecYE (PDB ID code 2ZJS) using PHASER (McCoy et al., 2007) . The model was rebuilt manually using COOT (Emsley et al., 2010) and refined using PHENIX (Adams et al., 2010) . X-ray/stereochemistry weight and X-ray/ADP weight optimization were used for the final stage of refinement. The refined model of SecYEG at 2.7-Å resolution shows R work /R free = 21.9%/ 26.8%. The refinement statistics are summarized in Table S1 . Ramachandran plots were calculated with RAMPAGE (Lovell et al., 2003) , and the molecular graphics were generated with CueMol (http://www.cuemol.org/).
Sec Mutants
Mutations of secY and secG in pAK24 were introduced by site-directed mutagenesis. To prepare pACYCDuet plasmids harboring two secG mutants, secG was cloned into multiple cloning site 1 and mutated by site-directed mutagenesis, and the mutated secG was then amplified and cloned into multiple cloning site 2. Mutations of secA in pHM512 (Tsukazaki et al., 2008) were also introduced by site-directed mutagenesis. SecA was expressed and purified as described previously (Vassylyev et al., 2006) .
Protein Translocation Assays
SecYEG-reconstituted proteoliposomes were prepared as described previously . Prior to the protein translocation assay, the proteoliposomes were incubated with or without 5 mM DTT for 15 min at 4 C. Protein translocation reactions were initiated by adding proOmpA (final concentration of 0.01 mg/ml) to mixtures containing 50 mM Tris-HCl (pH 8.0), 5 mM MgSO 4 , 0.5 mg/ml BSA, 5 mM ATP, 0.025 mg/ml SecA 1-939 , and 0.02 mg/ml SecYEG in proteoliposomes and 0 or 5 mM DTT and incubated at 50 C for 15 min. The samples were then treated with proteinase K (0.1 mg/ml) for 20 min on ice. After SDS-PAGE, proOmpA was detected by anti-Myc immunoblotting.
Disulfide Crosslinking between Sec Proteins
SecYEG-reconstituted proteoliposomes (final, $10 mg/ml SecYEG) were mixed with SecA 1-939 (K904C) (final, 50 mg/ml) in a buffer containing 20 mM Tris-HCl (pH 8.0), 500 mM NaCl, 5 mM MgCl 2 , ± 1 mM AMP-PNP (or ATP), and 2 mM DTT and incubated for 10 min at room temperature. After ultracentrifugation (138,000 3 g, 30 min, 20 C), the pellet was suspended in a buffer containing 20 mM Tris-HCl (pH 8.0), 500 mM NaCl, 5 mM MgCl 2 , 1 mM AMP-PNP, and 1 mM Cu(phenanthroline) 3 and incubated for 10 min at room temperature. After ultracentrifugation as above, the pellets were treated with 15% trichloroacetic acid and washed twice with acetone. After SDS-PAGE under non-reducing (5 mM 3DIN) , and E. coli were calculated by Clustal Omega (Thompson et al., 1994) , and gaps were then refined manually based on the transmembrane regions observed in the structure and the secondary structure prediction using TOPCONS (Bernsel et al., 2009) . Because EcSecE and EcSecG are longer than the others, we restricted these analyses to two highly conserved segments, 63-123 amino acids (aa) (EcSecE) and 1-75 aa (EcSecG). Visualization was made by the program ESPript (Robert and Gouet, 2014) . We constructed ten homology-based protein structure models of EcSecY, EcSecE, and EcSecG using MODELER-9.13 (Eswar et al., 2007) based on the TtSecYEG 2.7-Å resolution structure.
Next we selected the model having the smallest root-mean-square deviation (RMSD) value for the TtSecYEG structure and modified the side chain orientation manually. The positional relations of each subunit of EcSecYEG followed the positions of the TtSecYEG crystal structure, and the generated models were arranged using COOT.
All-Atom MD Simulation of SecYEG in a POPE Lipid Bilayer
In the MD simulations, we examined two different states of SecYEG: resting state (Sim1) and peptide-bound state (Sim2). The X-ray crystal structures at 2.7-and 3.6-Å resolutions were used for Sim1 and Sim2, respectively. Note that, in Sim2, bound peptides (N-terminal amino acids of SecE) were not included in the lateral gate. To model the simulation system of the SecYEG-1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) complex, the X-ray crystal structure of SecYEG was embedded in a fully equilibrated POPE lipid bilayer after removing overlapping lipids. The orientation of SecYEG with respect to the membrane was determined based on the orientation of SecYE (PDB ID code 2ZJS) in the OPM database (Lomize et al., 2006) . E315 of SecY was protonated according to the acid dissociation constant (pK a ) value predicted by PROPKA (Li et al., 2005) . Cavities inside the proteins were filled with water molecules by DOWSER (Zhang and Hermans, 1996) , and the system was solvated and neutralized with a 150-mM KCl salt solution by VMD (Humphrey et al., 1996) . The system was composed of one SecYEG, 361 POPE, 37,527 TIP3P waters, 106 K + , and 116 Cl À , and the initial box size was 113.3 3 113.3 3 140.0 Å .
All-atom MD simulation was carried out using GENESIS (Jung et al., 2015) . We gradually equilibrated the system in multiple steps. It was subjected to 10,000-step energy minimization, followed by short MD simulations (12.25 ns for Sim1 and 23.25 ns for Sim2) for the equilibration, with gradually decreasing positional restraints on the heavy atoms in the proteins. We then performed MD simulations (700 ns for Sim1 and 160 ns for Sim2) in the NPT ensemble for production dynamics. We used CHARMM36 force-field parameters for SecYEG and POPE lipids (Best et al., 2012; Klauda et al., 2010) . We employed the Langevin thermostat and barostat algorithms for temperature and pressure controls with semi-isotropic pressure coupling (Feller et al., 1995) . The equations of motion were integrated by the leapfrog Verlet algorithm with a time step of 2 fs using the SHAKE and SETTLE algorithms for bond constraints (Miyamoto and Kollman, 1992; Ryckaert et al., 1977) . For computation of non-bonded interactions, we used the particle mesh Ewald method (Essmann et al., 1995) with the grid point of 128 3 128 3 144 and the linear 1/R 2 lookup table method (Jung et al., 2013) , where the Lennard-Jones potential was switched and truncated from 10.0 to 12.0 Å . In the simulation, pressure and temperature were kept constant at 1 atmosphere and 300 K, respectively.
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